To a large degree the therapy of acute renal failure depends on an understanding of biochemical disturbances that result from the temporary absence of renal excretory and homeostatic functions. Important among these disturbances are changes in the volume and composition of body fluids, particularly with respect to electrolyte constituents. While certain manifestations of these changes are frequently recognized on the clinical level, relatively little quantitative data are available from which can be derived a general pattern of body fluid alterations in this disease. One reason for this paucity of information, aside from the limitations of investigative techniques, is the inherent difficulty of performing adequate studies on critically ill patients.
To a large degree the therapy of acute renal failure depends on an understanding of biochemical disturbances that result from the temporary absence of renal excretory and homeostatic functions. Important among these disturbances are changes in the volume and composition of body fluids, particularly with respect to electrolyte constituents. While certain manifestations of these changes are frequently recognized on the clinical level, relatively little quantitative data are available from which can be derived a general pattern of body fluid alterations in this disease. One reason for this paucity of information, aside from the limitations of investigative techniques, is the inherent difficulty of performing adequate studies on critically ill patients.
Sirota and Kroop (1) observed in 4 oliguric patients an expansion of inulin space roughly commensurate with estimated positive fluid balance. They postulated that the oliguric phase of acute renal failure is associated with cellular dehydration resulting from a shift of water out of cells, and that hyponatremia may result in part from extracellular dilution and in part from a shift of sodium into cells. The observation by Schwartz, Tomsovic, and Schwartz (2) of greater expansion of inulin space than of D20 space in one anuric child would conform with this concept. Iseri, Batchelor, Boyle, and Myers (3) also suggested that the hyponatremia and hypochloremia of oliguria may be due in part to cellular uptake of sodium and shift of water from cells to extracellular fluid. The role of catabolism in augmenting total body water through water of oxidation and release of preformed water was evaluated by Hamburger and Richet (4) , largely by inference from observations made during post-oliguric diuresis. Changes in the volume and distribution of body water were also studied in anuric dogs by Hamburger and Mathe (5) , who found close agreement between the expansion of total body water as measured by D20 spaces and the amount of water derived from metabolic processes. On the basis of extensive clinical observation and a limited number of isotopic dilution studies, Merrill (6) has enumerated some of the fluid and electrolyte changes frequently seen in prolonged acute renal failure, as follows: 1) an increase in total body water, 2) an increase in total body sodium with a decreasing serum concentration, 3) a decrease in total body potassium with an elevated serum level, and 4) an increased extracellular fluid volume.
The primary purpose of the present study was to obtain more complete information concerning the type and magnitude of changes in volume and electrolyte composition of body fluids in acute renal failure, to assess the roles of catabolic processes and concomitant fluid therapy in their genesis, and to delineate certain therapeutic implications of this information.
EXPERIMENTAL MATERIAL AND METHODS
Eight patients with acute renal failure were studied by the balance technique on the Metabolic Unit of the Hospital of the University of Pennsylvania. Studies were initiated in 13 patients but were interrupted or invalidated in 5 for various reasons. Measurements were made of intake of water, solids, chloride, sodium, potassium, nitrogen, and carbohydrate and fat, and of all output of water, solids, chloride, sodium, potassium, and nitrogen. At the beginning and end of each unit balance period (24 to 72 hours) body weight was obtained on a stretcher-scale (7) and blood was drawn for determinations of serum chloride, sodium, potassium, CO2 content, and blood urea nitrogen. Chemical methods of these analyses have been previously described (8) . On 1094 [15] ). completion of each study the observed data were analyzed for each unit balance period and recorded for the sake of convenience as average values per 24 hours for each of the following three phases: I) the oliguric phase (urine volume less than 400 ml. per 24 hours), II) the early diuretic phase (urine volume 400 ml. per 24 hours to maximal diuresis), and III) late diuretic phase (maximal diuresis to end of study). In all except one case (M. G.) balance studies were continued until the patient was ambulatory and was receiving no special therapy. It should be clearly pointed out that balance studies were not inititated at the onset of oliguria in any of these patients, the average interval being 8.4 days, the shortest 5 days, between onset of oliguria and beginning of studies. Hence the cumulative data relating to Phase I should not be considered representative of metabolic changes during the entire oliguric period.
Brief clinical summaries of each case are presented in Table I . All patients were transferred from other hospitals in either the latter part of the oliguric phase or the early diuretic phase. Duration of study ranged from 3 to 24 days (average 16.4 days). Four patients were studied during Phases I, II, and III; two during only Phases II and III; one during only Phases I and II, and one during only Phase I. All patients were critically ill at the time of transfer, and all except one (M. G.) were treated by extracorporeal hemodialysis prior to initiation of balance studies. 4 No attempt was made to determine the effect of dialysis on subsequent fluid and electrolyte balance; however, the predominant effect as judged by improvement in serum electrolyte pattern and, in some cases, loss of excess body water (by ultrafiltration) was to compensate partially for the fluid and electrolyte disturbances which had occurred up to that time.
Therapy prior to transfer to our hospital varied considerably from patient to patient. In almost all cases little attempt had been made to restrict fluid intake during the early days of oliguria; in 3 patients (B. S., I. T., and M. G.) signs of overhydration were evident on admission. Fluid therapy during this study, presented as average intake figures in Table II , followed generally accepted principles of attempting to prevent or correct the more 'In one case (K. B.) dialysis was performed on the third day of study, and this day was omitted from the calculations.
serious fluid and electrolyte disturbances as judged by clinical observations and serum studies. Balance data were not used as the primary criteria for judging subsequent fluid therapy. During the oliguric phase intake was limited to an average of 1,000 ml. per day, or roughly 700 ml. plus previous 24-hour measured water loss, except in one case (M. G.) where pulmonary edema necessitated more drastic fluid restriction. Electrolyte intake was also limited during this phase because of minimal output. Both water and electrolyte intake were increased during Phases II and III to compensate for increasing urinary losses.
CALCULATIONS
Changes in the composition of the body and in certain constituents of the body fluids may be calculated from the data obtained by the balance technique as described above. Although most of these derivations have been in use for many years, the equations which were used in this study are presented here in order that our analysis may be clearly understood. The validity of the data so derived is taken up subsequently under Discussion.
Metabolic mixture
Carbohydrate burned (C) was assumed to be equivalent to the carbohydrate administered.
Protein burned (P) in grams was calculated from the nitrogen excretion in the urine (UVN) in grams corrected for changes in the amount of the urea nitrogen in the body fluids (ABUN) in grams:
P=6.25X (UVN+ABUN).
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-_40% 4.0% 0 00 00 E) [15] ). While the overall average losses of total body fat, water, and solids were appreciable, relatively little change occurred in body composition in terms of the ratio of each compartment to total body weight (Table V) . Thus it would appear that the total decrements of fat, water, and solids were roughly proportional to their respective proportions of the total body weight. This generalization does not hold, however, during the early diuretic phase (Phase II) when total body water loss, particularly extracellular fluid loss, was disproportionately great.
C. Electrolyte changes
The derived data from Table IV (C) are presented as average cumulative balances in Figure   +1001 Chloride O _ Table IV (C). 2. Significant mean negative balances of chloride were observed in the first two phases, and of sodium in all three phases. Maximal rates of negative sodium and chloride balance coincided with maximal rates of negative water balance, during the early diuretic phase. Total average negative sodium balance (-569 mEq.) exceeded total average negative chloride balance (-181 mEq.) by 388 mEq. Total average potassium balance was -288 mEq. Maximum negative daily balance of all three electrolytes occurred during Phase II.
Cumulative chloride balances were: -82, -264, and -181 mEq. in Phases I, II, and III, respectively. Average daily chloride balances in each of these phases were: -16.3 (+ 2.4), -20.3 (± 27.7), and + 11.9 (±21.8) mEq., respectively. The mean positive chloride balance in Phase III associated with a persistent slight mean negative extracellular water balance, accounted for signicant increases in serum chloride concentration in the majority of these patients.
Maximum daily negative sodium balance occurred during Phase II (-43 mEq.) during which time more than twice as much sodium was lost from the chloride space as from the non-chloride space. During Phase III intracellular sodium loss continued at about the same rate (-12 mEq./ day) whereas the rate of extracellular sodium loss decreased appreciably. The use of the chloride space will not be discussed here in detail; this has been done elsewhere in recent publications (13, 19, 20) . It should be enough to point out that although the chloride space includes the connective tissue subphase (which the inulin space does not) and any other cellular or transcellular phases penetrated by chloride, this space still essentially excludes the major intracellular fluids of the body, such as those of skeletal muscle. In addition, the spurious steady expansion of the inulin space in nephrectomized dogs and in anuric subjects (21) hardly recommends the use of this measurement over that of the chloride space.
The patients when studied during the oliguric phase presented one particular difficulty in the determination of balance data, namely, that the substances ordinarily excreted in urine are retained in the body fluids. Calculation of the decrement of metabolized protein and potassium in a closed system requires measurement or assumption of the fluid volume through which the concentration is raised. This is less accurate than the direct measurement of nitrogen and potassium excreted. In our calculation of the decrement of nitrogen this involved estimation of the volume of total body water. By use of a series of approximations error in assumption can certainly be minimized though not entirely eradicated.
The total amount of fat burned likewise is quantitated indirectly in the absence of direct calorimetry. Such derivation depends upon the assumption of a fixed relationship between total caloric expenditure and the insensible loss of water by vaporization (measured by insensible weight loss). In normal subjects this relationship has been found to vary only by ± 4 per cent (22) ; in abnormal subjects the variability is probably greater but this method of derivation seems likely to us to be less subject to error than that employed by Hamburger and Richet (4) .
Certainly the quantitative information concerning changes in body constituents during this disease, as derived from balance data, is at best an approximation. However, we believe that these measurements are more complete than any similar observations published to date, and increase our physiologic and therapeutic knowledge of acute renal failure.
The validity of presenting the derived data as mean values and standard deviations deserves some comment. These means were calculated on the basis of individual daily averages in each patient for each phase without weighting the individual averages according to duration of individual studies. However, duplicate calculations weighted on the basis of patient-days gave mean values almost identical to those presented.
The division of early and late diuretic phases according to time of maximal diuresis is arbitrary and may not correlate precisely with changing phases of renal recovery. It is further recognized that therapy may determine in part the point of maximal diuresis. This criterion was chosen, however, because it is easily recognized clinically and because it coincides with a change in trend of alteration of body composition in the patients studied.
Catabolic response
The catabolic response which is of paramount importance in acute renal failure has been discussed by Swan and Merrill in their excellent and comprehensive review of the clinical course of this disease (23) . In two cases reported by these authors, daily protein consumption was estimated at 48 and 22 grams, respectively. Hamburger and Richet calculated an average rate of protein catabolism of 75 grams per day in one case, as estimated by urea production (4) . These values are in general agreement with those reported here. 
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Among the factors which may significantly accelerate protein catabolism in acute renal failure are infection, tissue necrosis, and stress of acute illness (24) (25) (26) . Another possible determinant of catabolic response is the state of nutrition at the onset of oliguria, catabolic rate being probably greater in the previously well-nourished patients than in those previously debilitated by chronic disease (23) . While the present series is too small to assess these various factors quantitatively, it is interesting to note that the maximum rate of protein catabolism was observed in Patient B. S., who had the most severe infection in this group, and that the minimum rate was observed in Patient I. T., the oldest in the group and the only one who had pre-existing debilitating disease (carcinoma).
The demonstration in uremic animals and in man that endogenous protein consumption can be reduced by high intake of non-protein calories has led to the general acceptance of such dietary therapy in acute renal failure (27) (28) (29) . Certain theoretical aid practical advantages of carbohydrate over fat in this regard have been emphasized (6, (30) (31) (32) tion (33) . An attempt was made in the present series to assess the relationship between protein balance and exogenous caloric intake, largely carbohydrate, in Figure 3 , each point representing a daily average for each unit study period (24 to 
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increasing ratio of water to body solids. Assuming this ratio to be the primary determinant of the state of hydration, optimal water replacement would therefore be designed to approximate total sensible and insensible water losses minus water of oxidation and preformed water released through cellular catabolism (SL + IW -H2001 -H2Opf).
In the present series, during the oliguric phase, daily insensible water loss averaged 9814± 141 ml., a value somewhat higher than those reported in two oliguric patients as determined from water turnover rates using D20 (34) . The validity of the latter method, however, depends upon maintenance of constant total body water, which was not ascertained in the cases reported. Water of oxidation during oliguria in our patients averaged 303 + 30 ml. and preformed water averaged 124 ± 75 ml. daily. On the basis of these mean values a constant ratio of total body water to body solids would have required approximately 550 ml., or 330 ml. per sq. meter of body surface area, per day, in excess of measured water loss.
This value serves as a useful guide for fluid replacement in most oliguric adults. It may, of course, have to be revised upward or downward according to individual circumstances, particularly according to the initial state of hydration of the patient. Previous estimates of basic fluid requirements in oliguric patients, based largely on water exchanges in normal subjects under basal conditions, were in close agreement with the value reported here (6, 35, 36) . Neither the latter estimates nor our own, however, support the arbitrary recommendations of daily fluid intake up to 1500 ml. in oliguric patients (37) .
Fluid and electrolyte changes
With regard to fluid and electrolyte changes during the oliguric phase, the data presented are too incomplete and too variable to justify generalizations. The most striking and most consistent changes in fluid volume, however, occurred in the early diuretic phase when a marked reduction in mean total body water, and especially in mean extracellular fluid, was observed. In terms of mean ratios of these compartments to lean body mass, however, (Table V) , it is equally significant that the percentage of total body water fell only 1.5 per cent and that the percentage of intracellular fluid actually increased 1.3 per cent, while that of extracellular fluid decreased 2.8 per cent. In this sense, then, one can interpret the predominant volume changes during early diuresis as a relative expansion of intracellular fluid and a relative contraction of extracellular fluid. Since of necessity these studies were not initiated at the onset of oliguria, one can only speculate as to the fluid alterations which occurred during early oliguria. However, if the changes observed during diuresis can be interpreted, at least qualitatively, as compensatory adjustments to previous alterations in the opposite direction, they would be compatible with the supposition of a previous overexpansion of extracellular fluid and relative contraction of intracellular fluid volume during early oliguria. This interpretation would be in keeping with the observations of others (1) (2) (3) 6 ) and would gain some support from the fact that adequate fluid restrictions were not imposed in our patients until the time of transfer to our service.
Likewise, the greatest electrolyte changes were noted in Phase II, and consisted of a marked negative balance of sodium, and to a lesser degree, of chloride and potassium. The disproportionately excessive loss of sodium throughout diuresis may be attributable in part to accelerated loss of retained non-chloride anions at a time of impaired renal tubular conservation of cations. Mean intracellular sodium balance remained steadily negative throughout both the early and late diuretic phases, even though extracellular sodium appeared to be conserved during the latter phase. Simultaneously intracellular potassium balance (corrected for cellular catabolism) remained positive to a comparable degree, suggesting a roughly quantitative replacement of potassium for sodium in cells during diuresis. Muscle biopsies were not obtained to confirm a rising K-N ratio (corrected for changing NPN) nor were intracellular transfers of magnesium or hydrogen ion calculated.
Again, if one considers these shifts as compensatory in nature, the inference is suggested that during early oliguria potassium may have left cells in exchange for sodium. Support for this supposition would be gained from the experiments which demonstrated the movement of potassium out of cells in acutely uremic dogs with acidosis (38) . Similarly, in the balance experiments of Elkinton, Tarail, and Peters (39) , potassium left 6 oliguric patients studied; however, cellular sodium transfers were variable in these 4 patients.
SUMMARY
From balance studies carried out in 8 female patients during the oliguric phase, the early diuretic phase, and the late diuretic phase of acute renal failure, mean values were derived regarding the metabolic mixture, changes in body composition, and exchanges of water and electrolytes.
1. With an average expenditure of 2,500 calories per day, endogenous fat constituted the main source of energy, particularly during oliguria. The mean rate of endogenous protein catabolism remained relatively constant from phase to phase in all patients. The daily rate of endogenous protein catabolism appeared to be only slightly influenced by variations in total exogenous caloric intake, suggesting that non-dietary determinants of catabolic response played a more important role.
2. Mean rates of loss of body fat, water, and solids were roughly proportional to the mean ratios of these compartments to total body weight, except during early diuresis; in this phase a disproportionately great loss of extracellular fluid (chloride space) was observed in all patients.
3. Mean sodium balances were negative in all phases studied, maximally so during early diuresis. Throughout the early and late diuretic phases mean sodium balance remained significantly more negative than mean chloride balance. This was attributable in part to defective tubular conservation of cations at a time of accelerated excretion of retained non-chloride anions. Diuresis was also attended by a mean intracellular shift of potassium in exchange for sodium in approximately equal amounts.
4. By subtracting mean values for water of oxidation and preformed water released through cellular catabolism from mean values of insensible water loss, an estimate was made of the amount of exogenous water required in excess of measured water loss, to maintain a constant ratio of total body water to total body solids. This value averaged 550 ml. per day or 330 ml. per sq. meter of body surface area per day, during oliguria. The therapeutic implications of this finding were discussed.
